Terahertz (THz) waves are finding numerous applications as the technology gradually matures [1] . Currently, one of the primary techniques of generating THz waves is by irradiating a biased semiconducting photoconductor with femtosecond (fs) optical pulses [2, 3] or two laser beams with a detuned frequency [4] . Of all the semiconductor materials that have been studied, GaAs grown by molecular beam epitaxy at low substrate temperatures (LT-GaAs) exhibits favorable characteristics, such as high dark resistivity, high breakdown field strength, ultrashort carrier lifetime, and relatively high carrier mobility simultaneously [5, 6] . On the other hand, GaAs wafers implanted with ions such as As + , H + , N + , and O + have also been investigated quite extensively for making photoexcited THz antennas [7] [8] [9] [10] [11] . Kang et al. [12] and Lederer et al. [13] have respectively reported subpicosecond carrier trapping time in oxygen-doped GaAs epilayer and subpicosecond response time in oxygen-implanted GaAs. The high resistivity of the oxygen-implanted GaAs is guaranteed as a result of the midgap level introduced by oxygen [14] . Indeed, the work of Salem et al. [11] shows that oxygenimplanted GaAs (GaAs:O) antennas can emit higherpulsed THz power than GaAs:As ones can.
Recently, we reported the generation of a cw THz wave from an antenna fabricated on multienergyimplanted GaAs:O [15] . To further investigate the potential of GaAs:O material for THz applications, we have since conducted and shall report here a comparative study of the cw emission characteristics of THz antennas fabricated on GaAs:O and LT-GaAs. We also propose a modified theoretical model to elucidate the salient features of the two types of devices.
A commercial high-resistivity ͑Ͼ10 8 ⍀cm͒, (110)-oriented, semi-insulating GaAs wafer was used as the substrate material for ion implantation. A multiimplantation process was utilized to achieve a uniform ion distribution in the active region of the antenna. The implantation parameters of GaAs:O are 500 keV/ 2.5 ϫ 10 13 cm −2 + 800 keV/ 2.5 ϫ 10 13 cm −2 + 1200 keV/ 4 ϫ 10 13 cm −2 . The total ion dosage in the present GaAs:O is about 1 / 4 of that in the high-dose GaAs:O in our previous work [15] . After implantation, the samples were annealed with the rapid thermal annealing process at 500°C for 60 s, under a nitrogen gas environment. A GaAs cap was used to prevent As ion desorption. The LT-GaAs wafer was the same as that used for fabricating dipole antennas with a different design in another work [16] . The device structures and fabrication processes are the same as those described in our previous work [15] .
In this work, two single-mode 830 nm laser diodes with a detuned frequency were fed to a power amplifier to provide a maximum average power of 180 mW for optical excitation of the antenna. Emitted THz power was collected with parabolic mirrors and detected by a silicon bolometer (IRLabs Dewar HDL-5) at liquid helium temperatures. Figure 1 shows the cw THz output power of the GaAs:O device (D1) and the LT-GaAs device (D2) when illuminated by 180 mW of laser power at the detuned frequency of 0.358 THz. From the figure, the GaAs:O antenna is observed to generate twice as much power as that of the LT-GaAs device at the highest bias field applied in this study, ϳ40 kV/ cm. At low bias fields ͑5 kV/ cm to 20 kV/ cm͒, the generated THz power shows a bias dependence of ϳV b 2.43 or ϳV b 2.83 for D1 or D2, respectively, while the photocurrents of these two devices exhibit a quadratic dependence on the bias as shown in the inset. At higher bias fields ͑Ͼ20 kV/ cm͒, the output power of D2 starts to saturate with a weak dependence on the bias, ϳV b 0.286 . In contrast, the power of the GaAs:O device keeps on increasing with a bias dependence of ϳV b 1.33 . This behavior of THz power saturation will be discussed below after describing the spectral performance of the antennas.
The THz spectra of D1 and D2 from 0.02 THz to 1 THz were also studied by varying the detuned frequency of the two pump lasers, at the bias field of 40 kV/ cm and pump power of 45 mW as shown in Fig. 2 . For reference, the power spectrum of the high-dose GaAs:O sample (named D3 here) from [15] obtained under 40 mW cw pump power and 35 kV/ cm bias field is also plotted in this figure (stars). From Fig. 2 , the normalized cw THz signals show that both D1 and D2 have similar spectral shapes in this range and their resonance peaks are both at 0.335 THz when estimated by fitting the data to a Gaussian profile. On closer examination, the resonance behavior of the GaAs:O antenna appears to have a narrower peak than that of the LT-GaAs antenna. Further studies are needed to confirm and explain this behavior.
Returning [17] to calculate the cw THz output power at a frequency of from the antenna parameters:
where I DC,ph is the photocurrent, is the effective carrier lifetime, and R L and C are the antenna input resistance and antenna capacitance, respectively. When the bias field is large enough, the carrier velocity ͑͒ will start to saturate [18] , and the effective carrier lifetime, , which can be approximated by the carrier trapping time, trap , will increase with the bias field because of the reduction of the electron capture cross section owing to electron heating and Coulomb-barrier lowering [19] . If these two factors are included into the original theoretical model and a fitting model for the carrier trapping time is adopted [20] , the average photocurrent ͓I DC,ph ϰ ͑E b ͒͑E b ͔͒ in the irradiated PC antenna can be written as
where E b is the bias field ͑E b = V b / d gap ͒ applied on the devices, e is the effective electron mobility, and sat is the electron saturation velocity in the material. trap,0 is the effective trapping time at zero bias field, and a 2 and a 3 ͑a 2 , a 3 Ͼ 0͒ are the fitting factors. Q is a fitting factor that takes into account the contribution of eP 0 , where e is the electron charge, is the efficiency of pump power, and P 0 is the total incident optical power. Equation (1) now becomes
where C rc is related to the effective antenna resistance and capacitance as C rc ϰ R L /2͓1+͑R L C͒ 2 ͔. The form of this theoretical model is similar to that suggested by Michael et al. [21] . We now apply this model to simulate the experimental results shown in Fig. 1 after converting the bolometer signal into power units using a standard calibration method. The solid (dashed) curve in Fig. 1 is the simulated cw THz output power (or photocurrent given in the inset) of D1 (D2) versus bias field, respectively, according to Eq. (3) [or Eq. (2) for the photocurrent]. The parameters used in the simulations are: d gap =20 m, =2͑0.358ϫ 10 12 ͒, and e of LT-GaAs is set as 0.02 m 2 /V s [17] . trap,0 is set as 0.55 ps or 0.7 ps for GaAs:O or LT-GaAs, respectively, which were obtained by a time-resolved photoreflectance measure- ment in another experiment, whose results will be published later. The parameters shown in Table 1 are fitting values that best fit both the experimental power and photocurrent data concurrently. Figure 1 shows that the simulation results are in very good agreement with the experimental data. Note that the term due to the carrier trapping time,
, is already larger than 1 at zero bias field, because trap,0 is sufficiently large. Hence this term will not cause any saturation behavior according to Eq. (3). The power saturation observed in the LT-GaAs device but not in the GaAs:O device can be explained only by the saturation velocity term in the numerator in Eq. (3). Consequently, our simulations produce a saturation velocity of 0.94ϫ 10 5 m / s for GaAs:O versus 0.45ϫ 10 5 m/s for LT-GaAs to reflect this effect. This result is not surprising at all, because it is well known that LT-GaAs contains numerous structural and stoichiometric defects that cannot be annealed out and thereby contribute to the reduction in carrier saturation velocity. On the other hand, even though ion implantation will also create structural defects, most of which can be annealed out by an appropriate annealing process, this leads to a better crystalline quality and higher carrier saturation velocity.
In summary, the performance of GaAs:O and LT-GaAs for the generation of a cw THz wave has been investigated. The output THz power of the GaAs:O antenna does not show saturation up to a bias field of 40 kV/ cm, while that of the LT-GaAs antenna starts to saturate at 20 kV/ cm. Consequently, the THz power from the GaAs:O device is nearly twice that of the LT-GaAs device with the same stripline and gap design at the highest field tested. A modified theoretical model has been adopted that quite accurately describes the bias-field-dependent THz power saturation of the two types of photoconductive antennas. Lastly, as the model suggests that one may be able to get a higher THz power from a material with a larger electron saturation velocity, it is then expected the GaAs:O material can be further improved in this respect by reducing the implantation dosage, and a better annealing process with the aim of achieving the best crystalline quality GaAs:O with subpicosecond carrier lifetimes. 
